Two Clark-type polarographic electrodes were used to measure simultaneous H2 and 02 exchange from three species of the blue-green alga Anabaena. Maximum H2 photoevolution from N2-fixing cultures of Anabaena required only the removal of dissolved 02 and N2; no adaptation period was necessary. No correlation of H2 photoproduction with photosynthetic 02 evolution, beyond their mutual light requirement, was found. Hydrogen photoevolution has the foilowing characteristics in common with N2 fixation in these organisms: DCMU insensitivity; similar white light dependency with very low dark production rates; maximum efficiency in photosystem I light; inhibition by N2, 02 and acetylene; and an apparent requirement for the presence of heterocysts. Growth on nitrate medium reduces, and on ammonium medium obliterates, both reactions. Cultures grown under limiting CO2 conditions have H2 photoproduction rates proportional to their growth rates. Hydrogenase activity is inferred from H2 uptake in the dark, but this activity apparently is independent of the photoevolution of H2 which is ascribed strictly to the nitrogenase system.
The original discovery of the capacity of photosynthetic organisms to fix N2 followed the observation of a light-dependent H2 evolution and of its inhibition by N2 or NH4' ion in the growth medium (7) . Hydrogen exchange by N2-fixing, photosynthetic microorganisms has since been found to either be via hydrogenase or nitrogenase (21) . The heterocystous blue-green algae have been shown to contain both (4, 8, 17, 20) , so that H2 photoevolution could be coupled to either or both. Algal nitrogenase has been shown to catalyze H2 evolution (6, 8) but observations of direct photoevolution of H2 by whole cells of this group are only very recent (1) . This photoevolution of H2 was ascribed to the nitrogenase system because of its sensitivity to nitrogen inhibition and insensitivity to CO and DCMU (1) .
We report here the simultaneous and rapid polarographic measurement of 02 and H2 exchange, and the characterization of H2 photoevolution from the nitrogenase system of N2-fixing cultures of Anabaena flos-aquae, A. cylindrica, and A. sp. (B 381).
MATERIALS AND METHODS
Algal Material. Anabaena cylindrica (B629), A. flos-aquae (1444), and A. sp. (B381) from the Indiana University Culture Collection were grown at 30 C under Gro-lux lamps on medium D of Castenholtz (9) , or in the same medium (D-N) with NaCl I This research was supported by National Science Foundation Grant BMS 75-18023. 2 Permanent address: Department of Botany, University of Tennessee, Knoxville, Tenn. 37916.
substituted equimolarly for NaNO3. Cultures were bubbled with air plus 2% CO2 and harvested when between 2 and 3 ,ul of packed cell volume/ml. The cultures were grown on a 11:13 dark/light regime and were routinely harvested about 3 hr into the light period. The doubling time of a typical culture growing on atmospheric N2 was about 20 hr.
The algae were prepared for experimentation by washing in sterile growth medium and were flushed with argon while shaking in the dark in a 25 C water bath.
02 and H2 Measurements. 02 and H2 concentrations were measured simultaneously using 0.8 ml of algal suspension which was held in a locally produced, Lucite vessel which incorporated two YSI oxygen electrodes, a magnetic stirring bar, and a constant temperature water jacket through which 25 C water was continuously circulated. Two 1.35-v batteries provided polarizing and bias voltage for both electrodes. The H2 electrode was polarized at +0.6 v and the 02 electrode at -0.8 v with respect to two independent Ag-AgCl reference electrodes. The current signals from the electrodes were amplified by Keithley 601 and 602 electrometers (used in "fast mode" as operational amplifiers) which drove the separate channels of a two-pen recorder. Except for a common ground, the two electrodes were electronically isolated. The H2 electronic circuit was taken from Wang et al. (19) and incorporated a timing motor which alternated the H2 electrode voltage between +0.8 v and +0.2 v at about 15 cpm to precondition the electrode. A tungsten microscope lamp was used as actinic light and was directed through 2.5 cm of 2% CuS04 solution directly upon the chamber.
All transfers of cells into the electrode chamber were made with argon preflushed syringes. The electrode chamber was also preflushed with argon. Using these precautions, cell samples were routinely introduced into the chamber with less than 0.05 ,ul 02/ml and, assuming air contamination, less than 0.20 ,ul N2/ ml.
The oxygen electrode was slightly sensitive to the presence of H2 in the chamber. A step change in H2 concentration from 0 to about 2 ,ul/ml produced a small, transient lowering of the apparent 02 concentration which required from 30 to 60 sec to recover. The low H2 levels of typical measurements reported here (full scale sensitivity of around 0.2 ,ul H2/ml) had no measurable effect upon the 02 current signal or sensitivity. 02 sensitivity was typically around 0.3 p.amp/p.l 02 ml. A step change from 0 to 6 ,ul 02/ml required about 30 sec to attain 90% change in signal current.
The H2 electrode was completely insensitive to changes in 02 concentration from 0 to 0.2 atm in gas or H20. The H2 electrode had an extremely rapid response time reaching 90% signal change in response to a step change in H2 concentration in less than 5 sec. A slow but measurable loss of H2 from the vessel (less than 0.5%/min with the top in place) was also evident. The sensitivity of thie H2 electrode was typically between 0.2 and 0.3 p.amp/pl H2 ml. The noise level was around 0.001 A.amp (equiv-Plant Physiol. Vol. 57, 1976 The H2 electrode had lower long term stability than that of the 02 electrode as has been reported (19) . Exposure of the H2 electrode to high H2 concentrations (0.1 atm or higher) appeared to bring an increase in the H2 sensitivity and produced an increasing zero current. Apparently during the exposure to the high H2 concentrations, H2 diffused into the large KCl reservoir of the YSI electrode and required several minutes to diffuse back out after the external H2 was removed. However, as long as the electrode was calibrated and used with low concentrations of hydrogen, its long term sensitivity and zero current were reasonably stable. The same membrane preparation could be used for a week or more, usually becoming less sensitive but more stable. By calibrating the electrode several times throughout extended experiments the absolute accuracy of the electrode approached that of the 02 polarographic electrode which was estimated to be around 5%.
Since both electrodes were used at or near zero levels of dissolved gasses, their characteristics in this region were of critical importance to these experiments. Both Figure 1B gives a better representation of the dark/light transients. All transients which will be discussed are fully within the response time of the electrodes. Upon initial illumination 02 evolution shows the typical anaerobic delay so that maximum and constant rates of 02 evolution are not evident until after 4 to 5 min of light exposure. Photoevolution of H2 in contrast, attains a maximum rate after only 15 to 30 sec of illumination and ceases immediately upon darkness. Note the absence of dark H2 uptake in these cells. This is typical of cells which have been held under argon for less than 1 or 2 hr. Figure 1C shows tracings by cell samples which were held in the dark under argon for over 20 hr. 02 evolution still exhibits the anaerobic lag, but its rate rapidly falls off to a level which just offsets respiration. The loss of 02 production is apparently caused by a lack of CO2 since 02 iS still evolved and maximum rates of 02 evolution are reached immediately after a dark period during which a small amount of CO2 was produced by respiration.
H2 photoproduction from cells which have been adapted for long periods of time follows a similar pattern (Fig. IC) . The leveling off of the rate is thought to be due to both the slow loss of intercellular reductant for proton reduction during the long dark period and to a balance between an hydrogen consumption and H2 photoevolution. A rapid H2 uptake which is apparent in the dark must also be present during the preceding light period. H2 photoproduction also resumes upon a second light exposure indicating that some internal reductant must be replenished by the H2 consumed during the short dark period.
Dark H2 Exchange. A dark H2 uptake is generally present whenever high levels of dissolved H2 are present. But this uptake seems to increase correspondingly to the length of time the cells are held under argon and to be directly proportional to the concentration of H2 present in the suspension (cf. Fig. IC ). Light-stimulated H2 uptake (photoreduction) could not be demonstrated with or without added CO2. Light always caused a production (or at least a decreased uptake) of H2 with or without additional H2 present in the vessel. Short term (1-2 hr) incubation with pure H2 had negligible effect on subsequent H2 or 02 evolution. 
AND H2 EXCHANGE BY BLUE-GREEN ALGAE
Dark H2 production by cells with. or without high rates of H2 photoproduction is nonexistent or at least very low. Its magnitude could not be quantitated in this study because of the slow, random drifting of the electrode zero current which was large compared with any apparent dark H2 production by the low cell concentrations used. In general, the highest apparent rates of dark H2 production were most evident from cells which had been incubated anaerobically for a short time (Fig. 1, A and B) . The dark production rates seem to decrease slowly during argon flushing until dark production rates were no longer detectable.
Light Intensity Dependence of H2 and 02 Photoproduction.
Rates of net H2 and 02 photoproduction have nearly identical dependence upon white light intensity. A typical intensity curve comparing simultaneous H2 photoproduction and "anaerobic" 02 evolution and aerobic 02 evolution by identical aliquots of cells is shown in Figure 2 . These curves are somewhat distorted because of the poor optics of the cylindrical electrode chamber and the relatively high light absorption of the cell densities used. The curve for anaerobic 02 evolution appears to be an example of the classical CO2 limiting intensity curve -identical rates below light saturation but with lower saturating rates. H2 photoproduction is linearly dependent upon light intensity and saturates at about the same light intensity as photosynthetic 02 evolution. The 02 and H2 exchange rates as shown in Figure 2 are directly comparable; these relative rates are typical of those found throughout the study.
Insensitivity of H2 Photoproduction to DCMU. The photoevolution of H2 is not immediately effected by DCMU concentrations which are over 95% inhibitory to photosynthetic 02 evolution,. As shown in Figure 3 , although the initial rate is somewhat lower (about 15%), the rate of photoevolution of H2 for this first 16 min is more constant in the presence of DCMU than in its absence. This stability of the H2 evolution rate is probably brought about by the lack of 02 buildup in the DCMUtreated samples.
Even though both 02 and H2 evolution are light-dependent, the insensitivity of H2 photoevolution to the photosystem II inhibitor DCMU indicates that H2 photoevolution is entirely dependent upon photosystem I activity. Photosystem I could be accepting electrons from some internal donor other than photo- 20 Mul PCV/ml. system II or furnishing only ATP from cyclic photophosphorylation or both. That DCMU insensitivity is also exhibited by lightdependent N2 fixation has been used to implicate the nitrogenase pathway for proton reduction in these organisms (1). We accept this hypothesis so that the remainder of the data to be presented here will be used to compare the attributes of H2 photoproduction with those of N2 fixation from the literature.
Evidence for Requirement for Photosystem I Alone for H2 Photoproduction. The fact that H2 photoproduction is similar to N2 fixation (acetylene reduction) in that it is driven by photosystem I alone is further supported by the following spectral evidence. In the blue-green algae, different wavelength regions funnel light largely into either of the two photosystems (10) . To compare the relative effectiveness of the two photosystems for driving 02 and H2 photoproduction, two wavelengths were chosen so that they would preferentially excite either PS I3 or PS II and have roughly similar absorption. The wavelengths chosen were 615 nm, which is near the absorption peak of phycocyanin and excites mainly PS II, and 686 nm, which is near the absorption peak of Chl a and excites mainly PS I (10) . If H2 photoevolution requires the activity of both photosystems in series as 02 evolution does, it should demonstrate the same relative effectiveness in both wavelengths of light. If only PS II or PS I is required, a higher efficiency should be noted in the light of wavelength exciting the active photosystem.
The much larger effectiveness of light absorbed by PS I for driving H2 evolution than 02 evolution is illustrated in Figure 4 and Table I . Exposure to a low intensity of PS II light (615 nm) brings about a relatively high rate of 02 evolution with only a very low concomitant H2 evolution rate. Subsequent exposure of the same cell sample to about double the energy of PS I light (686 nm) brings about a much lower rate of 02 evolution as expected (Emerson's "Red-drop," see ref. 10 ), but causes a much higher rate of H2 production. Thus light absorbed into PS I is much more effective for H2 photoproduction than for photosynthetic 02 evolution. Subsequent exposure to low intensity JONES AND BISHOP white light produces a relatively high rate of both H2 and 02 evolution. These and other similar data are analyzed further in Table III The ratio Of (Fig. 6A) 
Three cultures were grown through at least three transfers (over six generations) on their respective media (D, D-N, and D-N plus 3 mM NH4HC03). All cultures were harvested at 1.5 PCV/ml or less and aerated with air + 2% CO2. All were washed and made up in 10 ,ul/ml in their respective media, and purged with argon in the dark for 15 to 30 min before assay. (11) . Limiting CO2 would be expected to lower the C/N ratio in N2-fixing cultures and thus the nitrogenase activity of the culture. This feedback control system would effectively maintain favorable C/N ratios under widely varying rates of carbon fixation. CO2 enrichment would release the limit on the photosynthetic rate, increase the C/N ratio, and thus maximize the growth rate and nitrogenase production. At any rate, nitrogenase activity as measured by H2 photoproduction correlates well with the overall cell growth rate under C02-limiting conditions. H2 photoproduction activity slowly declines during argon flushing in the dark as is also demonstrated in Figure 7 . Proportionate loss in activity occurs independently of the original level of H2 production in the air-bubbled cultures. The rates indicated in Figure 7 are the initial rates taken during the first 2 min of light exposure so that they represent maximum rates. A similar drop in photosynthetic activity is not evident if CO2 is present. Whether this loss in activity is due to lack of reductant or enzyme is not known.
CONCLUSIONS
The results of this study support the contention that H2 photoevolution by N2-fixing, heterocystous, blue-green algae is due exclusively to the activity of the nitrogenase system. Proton reduction activity in the absence of other reducible substrates has been shown for all nitrogenase preparations studied to date, including preparations from the blue-green algae (12 (12), H2 photoevolution requires both a source of a reductant (other than photosynthetic electron transport) and ATP. Also H2 photoevolution is most probably an exclusive function of the heterocyst, the presence of which is a necessary prerequisite to both activities.
A classical ''adaptable" hydrogenase activity is apparent in cells incubated under argon for suitable lengths of time (see Fig.  IC ). However, this activity is present about equally in cells with or without nitrogenase or H2 photoevolution capacity and shows no sensitivity to light. The lack of light effect might be expected from the fact that the only hydrogenase yet isolated from any heterocystous blue-green alga was poorly coupled with ferredoxin from the same or different organisms (4) .
The three species of Anabaena were used interchangeably in these experiments as no qualitative differences in their photoevolution of H2 were found. 
